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The LHCb collaboration has recently observed three pentaquark peaks, the Pc(4312), Pc(4440) and Pc(4457).
They are very close to a pair of heavy baryon-meson thresholds, with the Pc(4312) located 8.9MeV below the
D¯Σc threshold, and the Pc(4440) and Pc(4457) located 21.8 and 4.8MeV below the D¯
∗Σc one. The spin-parities
of these three states have not been measured yet. In this work we assume that the Pc(4312) is a J
P = 1
2
−
D¯Σc
bound state, while the Pc(4440) and Pc(4457) are D¯
∗Σc bound states of unknown spin-parity, where we notice
that the consistent description of the three pentaquarks in the one-boson-exchange model can indeed determine
the spin and parities of the later, i.e. of the two D¯∗Σc molecular candidates. For this determination we revisit first
the one-boson-exchange model, which in its original formulation contains a short-range delta-like contribution
in the spin-spin component of the potential. We argue that it is better to remove these delta-like contributions
because, in this way, the one-boson-exchange potential will comply with the naive expectation that the form
factors should not have a significant impact in the long-range part of the potential (in particular the one-pion-
exchange part). Once this is done, we find that it is possible to consistently describe the three pentaquarks, to the
point that the Pc(4440) and Pc(4457) can be predicted from the Pc(4312) within a couple of MeV with respect
to their experimental location. In addition the so-constructed one-boson-exchange model predicts the preferred
quantum numbers of the Pc(4440) and Pc(4457) molecular pentaquarks to be
3
2
−
and 1
2
−
, respectively.
I. INTRODUCTION
The observation of three pentaquark-like resonances by
the LHCb collaboration [1] — the Pc(4312), Pc(4440) and
Pc(4457) — provides three of the most robust candidates so
far for a hadronic molecule, a type of exotic hadron conjec-
tured four decades ago [2, 3]. As a matter of fact molecular
pentaquarks, i.e. bound states of a charmed antimeson and
a charmed baryon, were predicted in a series of theoretical
works [4–9]. Subsequent theoretical analyses after the ex-
perimental observation of the LHCb pentaquarks [1], if any-
thing, further point out towards the hypothesis that they are
molecular [10–17], indicate the importance of their decays to
confirm (or falsify) their nature [18–21] and discuss the ex-
istence of new unobserved pentaquark states [22, 23]. We
point out that non-molecular explanations have also been con-
sidered [24, 25]. It is interesting to notice that the Pc(4440)
and Pc(4457) were previously identified as a single peak, the
Pc(4450) [26], where the later collection of data by the LHCb
has finally uncovered the double peak structure. In this re-
gard, the previous investigations about the old Pc(4450) peak
are still expected to be largely relevant for the new peaks, from
its molecular nature [27–32] to its possible partner states [33],
the role of the D¯Λc(2595) threshold [34, 35], etc.
Hadronic molecules are bound states among two or more
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hadrons. Their existence is contingent on the hadron-hadron
potential. In this regard the one-boson-exchange (OBE)
model provides a physically compelling and intuitive picture
of hadron interactions [36, 37], which can help us to predict
prospective molecular states. According to this model, the
potential between two hadrons is a consequence of the ex-
change of a series of light mesons, of which the most promi-
nent ones are the pion, σ, ρ and ω mesons. The OBE model
was originally developed to describe the nucleon-nucleon po-
tential, providing the first quantitative successful description
of nuclear scattering observables and the deuteron [36, 37].
Besides, it also provided the original theoretical motivation
for the existence of hadronic molecules [2], with subsequent
explorations often relying on this model to make predictions
or to explain already known states [30, 38–40].
The OBE model is endowed with a certain degree of am-
biguity though. The most important limitation of the OBE
model is that it requires the introduction of form factors and
cutoffs to mimic the finite size of the hadrons involved. The
cutoff cannot be determined a priori and it is in principle ar-
bitrary. Even if the cutoff is required to be of natural-size– we
expect it to lie within the 1 − 2GeV range — this still leaves
room for wildly different predictions. Yet, when applied to
hadronicmolecules, such a limitation is easy to overcome pro-
vided that there is a clear molecular candidate: the cutoff can
be effectively determined from the condition of reproducing
the aforementioned molecular candidate [41, 42].
But phenomenological models, even the most successful
ones such as the OBE model, usually end up requiring a cer-
2tain amount of tweaking (see for instance Ref. [43] for a lucid
exposition of a few of the quirks of the OBE model). For the
OBE model as applied to nuclear physics, it was quickly real-
ized that the correct description of the deuteron properties re-
quires the cutoff to be Λπ > 1.3GeV for the pion contribution.
The theoretical reason is the distortion of the long-range prop-
erties of the one-pion-exchange (OPE) potential by the form
factors, which can be prevented if the cutoff is hard enough.
The present manuscript indicates that this type of long-range
distortion also happens for hadronic molecules, but proposes
a different solution adapted to the particular circumstances
of the application of the OBE model to the molecular pen-
taquarks.
The problem is as follows: if the Pc(4312) is indeed a J
P =
1
2
−
D¯Σc molecule with a binding energy of 8.9MeV, it can
be described within the OBE model with a monopolar form
factor and a cutoff Λ = 1119MeV. If we use the most simple
OBE model possible, i.e. we use the same form factor and
cutoff for all the exchanged mesons, we can predict the JP =
1
2
−
and JP = 3
2
−
D¯Σc binding energies from the cutoff that we
already determined from the Pc(4312). In particular we arrive
at
BE(
1
2
−
) ≃ 74MeV and BE( 32
−
) ≃ 3MeV , (1)
which are incompatible with the binding energies of the
Pc(4440) and Pc(4457) as D¯
∗Σc bound states, BE = 21.8 and
4.8MeV respectively. This happens regardless of which state
we identify with the JP = 1
2
−
and JP = 3
2
−
quantum numbers.
The failure of the naive OBE model to naturally explain the
Pc(4312), Pc(4440) and Pc(4457) with the same cutoff can be
traced back to a particular artifact generated by the form fac-
tors. The unregularized spin-spin piece of the OBE potential
contains a contact-range and a finite-range piece, which we
write schematically as
VS ∝
[
−m3δ(3)(~r) + e
−mr
4πmr
]
, (2)
with m the mass of the exchanged meson. It happens that
the inclusion of a form factor regularizes the contact-range
Dirac-delta piece of the OBE potential, making it finite range.
The expectation is that the finite range of the regularized delta
will be considerably shorter than the range of the Yukawa-
like piece. However this condition is not actually fulfilled for
a monopolar form factor and a cutoff Λ ∼ 1GeV. This is
obvious in the OPE contribution of the OBE potential, which
is in fact distorted at distances comparable with the Compton
wavelength of the pion. In particular the excessive binding of
the 1
2
−
D¯∗Σc in Eq. (1) can be traced back to the regularized
delta contribution stemming from the OPE potential: while
the Yukawa-like piece of the OPE potential is repulsive in this
system, the delta-like piece provides the system with a strong,
probably unphysical, short-range attraction. If we remove the
delta-like contribution to the OPE potential by hand, we end
up with the set of predictions
BE(
1
2
−
) = 13.2MeV and BE(
3
2
−
) = 11.6MeV , (3)
which are much closer to the expected binding energies of the
molecular pentaquarks. There are similar delta-like contri-
butions in the spin-spin piece of the vector-meson-exchange
potential. This piece of the OBE potential is of shorter range
than the OPE piece. The removal of their delta-like contribu-
tions is not as crucial as in the OPE piece, yet it should better
be done if we want the OBE model to be internally consistent,
in which case we arrive at the predictions:
BE(
1
2
−
) = 4.2MeV and BE(
3
2
−
) = 18.3MeV , (4)
where the binding energies are in fact very close (within 1 −
3MeV) to what we would expect from a molecular Pc(4440)
and Pc(4457), namely 21.8 and 4.8MeV. Owing to the com-
patibility of this set of predictions with the current experimen-
tal determination of the Pc(4440) and Pc(4457) masses, the
removal of the Dirac-delta contributions could indeed be con-
sidered as the preferred solution to the form-factor problem.
In this case the OBE model as applied to hadronic molecules
ends up having the phenomenological success of its original
nuclear physics version, modulo the larger experimental un-
certainties associated with hadronic molecules. The seem-
ingly ad-hoc removal of the Dirac-delta contributions, which
has also been considered for instance in Ref. [44], finds a
natural explanation within the renormalized OBE model of
Ref. [43].
The manuscript is structured as follows: in Sect. II we
briefly explain how the heavy hadron-hadron interaction is
constrained by heavy-quark spin symmetry (HQSS), where
we also advocate a notation based on the quark model for
heavy-hadron interactions [45]. In Sect. III we explain the
OBE model, while in Sect. IV we explain the regulator ar-
tifact within the OBE model. Then in Sect. V we show the
predictions we arrive at after removing this artifact. Finally in
Sect. VI we summarize our results.
II. HEAVY-QUARK SPIN SYMMETRY
In this section we review a few basic consequences of
HQSS for heavy antimeson-baryon molecules. As applied
to molecular states, HQSS refers to the fact that interactions
among heavy hadrons do not depend on the spin of the heavy
quarks within the hadrons. This can automatically be taken
into account by writing the heavy hadron interactions in a
suitable notation. The standard notation for this purpose is
to group heavy hadrons with the same light-quark structure in
a single superfield, which we review in Sect. II A. Here we
advocate instead for a simpler notation in terms of the light-
quark degrees of freedom, which has been recently presented
in Ref. [45] (though we note that it has been intermittently
used in the literature for a long time [46]), which we explain
in Sect. II B.
A. Heavy-Superfield Notation
The P and P∗ heavy mesons are |Qq¯〉 states with total spin
J = 0 and 1, respectively. They can be grouped into the single
3non-relativistic superfield:
HQ =
1√
2
[
P + ~P∗ · ~σ
]
, (5)
which has been adapted from its relativistic version [47] and
has good transformation properties with respect to heavy-
quark spin rotations. In the formula above HQ is a 2×2 matrix
and ~σ are the Pauli matrices. The ΣQ and Σ
∗
Q
heavy baryons
are |Qqq〉 states with total spin J = 1
2
and 3
2
. They can be writ-
ten together as the following non-relativistic superfield [48]
~S Q =
1√
3
~σΣQ + ~Σ
∗
Q , (6)
which corresponds to the relativistic heavy-baryon superfield
written in Ref. [49]. From these superfields, the simplest
contact-range, no-derivative Lagrangian involving the heavy
(anti-)meson and heavy baryon fields is [33]
L = Ca ~S †Q · ~S Q Tr
[
H¯
†
Q
H¯Q
]
+ Cb
3∑
i=1
~S †
Q
· (Ji ~S Q) Tr
[
H¯
†
Q
σiH¯Q
]
, (7)
where Ji with i = 1, 2, 3 refers to the spin-1 angular momen-
tum matrices and with Ca and Cb coupling constants. If we
particularize for the D¯Σc family of molecules, we obtain the
following potential:
V(D¯Σc, J =
1
2
) = Ca , (8)
V(D¯Σ∗c, J =
3
2
) = Ca , (9)
V(D¯∗Σc, J = 12 ) = Ca − 43 Cb , (10)
V(D¯∗Σc, J = 32 ) = Ca +
2
3
Cb , (11)
V(D¯∗Σ∗c, J =
1
2
) = Ca − 53 Cb , (12)
V(D¯∗Σ∗c, J =
3
2
) = Ca − 23 Cb , (13)
V(D¯∗Σ∗c, J =
5
2
) = Ca +Cb . (14)
We notice that, for simplicity, we have ignored isospin when
writing the Lagrangian of Eq. (7) and the potentials of Eqs. (9-
14). Isospin can be trivially taken into account by adding a
subindex indicating the isospin of the two-body state in the
couplings: CIa, CIb with I =
1
2
, 3
2
.
B. Light-Quark Notation
Actually the heavy-quark symmetric interactions can be de-
rived in an easier and more direct way if we consider that
the heavy-quark acts as a spectator [45]. Instead of build-
ing superfields for the P and P∗ heavy mesons, we can sim-
ply express the interactions in terms of the light-quark sub-
field within the heavy mesons, qL. Equivalently, for the ΣQ
and Σ∗
Q
heavy baryons we can use the light-diquark subfield
within them: dL. After introducing these fields, the lowest-
order contact-range Lagrangian can be simply written as
L = Ca (q†L qL) (d†L dL)
+ Cb (q
†
L
~σL qL) · (d†L ~S L dL) , (15)
where ~σL and ~S L refer to the spin of the qL and dL subfields,
respectively. This leads to the contact-range potential
VC(qL dL) = Ca + Cb ~σL1 · ~S L2 , (16)
where we have labeled the heavy meson and baryon with the
light quark and light diquark inside them with the subscript 1
and 2. The contact-range potential is nowwritten for the light-
quark fields within the heavy hadrons. The translation into
the heavy-hadron degrees of freedom can be encapsulated in
a series of rules. In particular for the heavy mesons the light-
quark spin operators are translated into
〈P|~σL|P〉 = 0 , (17)
〈P∗|~σL|P∗〉 = ~S 1 , (18)
where ~S 1 refers to the spin-1 matrices as applied to the heavy
vector meson. For the heavy baryons the correspondence is
〈ΣQ | ~JL|ΣQ〉 = 2
3
~σ2 , (19)
〈Σ∗Q | ~JL|Σ∗Q〉 =
2
3
~S 2 , (20)
where ~σ2 refers to the Pauli matrices (applied to the heavy
spin- 1
2
baryon) and ~S 2 are the spin-
3
2
angular momentum ma-
trices. With these substitutions it is easy to check that the
contact-range potential of Eq. (16) written in the light-quark
field basis is indeed equivalent to the contact-range potential
of Eqs. (9)–(14) written in the particle basis. The notation
in terms of the light-quark subfields is however much more
compact and we will adopt it for the rest of this work.
III. THE ONE-BOSON-EXCHANGE POTENTIAL
In this section we present the OBEmodel that we use in this
work. In the OBE model the potential between two hadrons is
generated by the exchange of a series of light mesons, which
includes the π, the σ, the ρ and the ω (plus a few extra light
mesons in its more sophisticated versions). This results in a
description of the forces among hadrons that is both simple
and physically compelling. Yet there are disadvantages in the
OBE model, which usually include a large number of cou-
pling constants and the requirement of form factors and a cut-
off to remove the unphysical short-range components of the
potential. Here the choice of coupling constants will be done
in terms of experimentally known information or by recourse
to phenomenological models. For the form factor we will
choose a standard multipolar form, while the cutoffwill be de-
termined by the condition of reproducing a known molecular
candidate, the Pc(4312) in this case. By determining the cut-
off in this way we are partially renormalizing the OBE model,
4i.e. removing cutoff ambiguities in terms of observable infor-
mation. This concept is based on the fully renormalized OBE
model of Ref. [43], which in turn helps to understand a few of
the tweaks required in the original OBE model (e.g. the ex-
cessively large coupling to the ω vector meson that is usually
required in nuclear physics). We stress however that we have
not implemented a renormalized OBE model in this work, but
merely adapted a few of the ideas of Ref. [43].
A. The Lagrangian
First we write down the Lagrangians that encode the cou-
plings between the heavy hadrons and the light mesons (π, σ,
ρ, ω). We use the light-quark notation introduced in Sect. II B.
For the light-quark field within the heavy mesons the La-
grangian reads as follows
LqLqLπ =
g1√
2 fπ
q
†
L
~σL · ∇(~τ · ~π)qL , (21)
LqLqLσ = gσ1 q†LσqL , (22)
LqLqLρ = gρ1 q†L~τ · ~ρ0qL
− fρ1
4M1
ǫi jkq
†
L
σL,k~τ · (∂i~ρ j − ∂ j~ρi) qL , (23)
LqLqLω = gω1 q†L ω0 qL
− fω1
4M1
ǫi jkq
†
L
σL,k (∂iω j − ∂ jωi) qL , (24)
where g1 and gσ1 are the couplings to the pion and the sigma
meson respectively, while gV1 and fV1 with V = ρ, ω are the
electric- and magnetic-type couplings to the vector mesons;
M1 is a mass scale that we introduce for fV1 to be dimension-
less. For the light-diquark field within the heavy baryons we
have
LdLdL π =
g2√
2 fπ
d
†
L
~S L · ∇(~T · ~π)dL , (25)
LdLdL σ = gσ2 d†LσdL , (26)
LdLdL ρ = gρ2 d†L ~T · ~ρ0 dL
− fρ2
4M2
ǫi jkd
†
L
S L,k ~T · (∂i~ρ j − ∂ j~ρi) dL
+
hρ2
2M2
2
d
†
L
QL,i j ~T · ∂i~ρ j dL , (27)
LdLdL ω = gω2 d†L ω0 dL
− fω2
4M2
ǫi jkd
†
L
S L,k (∂iω j − ∂ jωi) dL
+
hρ2
2M2
2
d
†
L
QL,i j ∂iω j dL , (28)
The spin of the light-diquark field is S L = 1, which means that
there are three possible type of interactions with a vector field:
electric-, magnetic- and quadrupole-type. They correspond to
the gV2, fV2 and hV2 couplings. The mass M2 is introduced
to make the fV2 and hV2 couplings dimensionless. For the
quadrupole-type term we have introduced the spin-2 tensor
QL,i j =
1
2
[
S L,iS L, j + S L, jS L,i
]
−
~S 2
L
3
δi j . (29)
We expect the quadrupole-type term to be small though.
B. The OBE Potential
The OBE potential can be easily derived from the previous
Lagrangians for the light-quark and light-diquark fields. We
write the potential in the following from
VOBE = ζ Vπ + Vσ + Vρ + ζ Vω , (30)
where ζ = ±1 is a sign, for which the convention is
ζ = +1 for qLdL (e.g. D¯Σc) , (31)
ζ = −1 for q¯LdL (e.g. DΣc) , (32)
that is, we take ζ = +1 for the most representative type of
molecule, the (hidden-charm) D¯Σc in this case. In momentum
space the different components of the OBE potential read
Vπ(~q) = −g1g2
2 f 2π
~τ1 · ~T2 ~σL1 · ~q
~S L2 · ~q
~q
2
+ m2π
, (33)
Vσ(~q) = −
gσ1gσ2
~q
2
+ m2σ
, (34)
Vρ(~q) = ~τ1 · ~T2
[ gρ1
~q
2
+ m2ρ
(gρ2 −
hρ2
2M2
2
~q · (QL2q))
− fρ1
2M1
fρ2
2M2
(~σL1 × ~q) · (~S L2 × ~q)
~q
2
+ m2ρ
]
, (35)
Vω(~q) =
gω1
~q
2
+ m2ω
(gω2 − hω2
2M2
2
~q · (QL2q))
− fω1
2M1
fω2
2M2
(~σL1 × ~q) · (~S L2 × ~q)
~q
2
+ m2ω
. (36)
5If we Fourier-transform the previous expressions to coordinate
space we have
Vπ(~r) = +~τ1 · ~T2 g1g2
6 f 2π
[
− ~σL1 · ~S L2 δ(~r)
+ ~σL1 · ~S L2 m3π WY (µπr)
+ S L12(~r)m
3
π WT (mπr)
]
, (37)
Vσ(~r) = −gσ1gσ2 mσ WY (mσr) , (38)
Vρ(~r) = ~τ1 · ~T2
[
gρ1gρ2 mρ WY (mρr)
+gρ1
hρ2
2M2
2
QL2(rˆ)m
3
ρ WT (mρr)
+
fρ1
2M1
fρ2
2M2
(
− 2
3
~σL1 · ~S L2δ(~r)
+
2
3
~σL1 · ~S L2 m3ρ WY (mρr)
−1
3
S L12(rˆ)m
3
ρ WT (mρr)
) ]
, (39)
Vω(~r) = gω1gω2 mω WY (mωr)
+gω1
hω2
2M2
2
QL2(rˆ)m
3
ω WT (mωr)
+
fω1
2M1
fω2
2M2
(
− 2
3
~σL1 · ~S L2 δ(~r)
+
2
3
~σL1 · ~S L2 m3ω WY (mωr)
−1
3
S L12(rˆ)m
3
ω WT (µωr)
)
, (40)
where we have introduced the dimensionless functions
WY (x) =
e−x
4πx
, (41)
WT (x) =
(
1 +
3
x
+
3
x2
)
e−x
4πx
, (42)
while S L12 represents the standard tensor operator
S L12(rˆ) = 3 ~σL1 · rˆ ~S L2 · rˆ − ~σL1 · ~S L2 (43)
and QL2(rˆ) is a second type of tensor operator
QL2(rˆ) = rˆ · (QL2rˆ) = QL2,i j rˆirˆ j , (44)
with QL2,i j defined in Eq. (29). This second type of tensor
operator is theoretically interesting, but probably not particu-
larly relevant as the hω2 coupling is expected to be small, see
Sect. III D for a more detailed discussion.
C. Form Factors
We have derived the previous OBE potential under the as-
sumption that the interactions between heavy hadrons and
light mesons are point-like. Hadrons have however a finite
size, which can be taken into account by the introduction of
a form factor for each vertex. In momentum space we will
simply have
VM(~q;Λ1,Λ2) = VM(~q) FM1(~q,Λ1) FM2(~q,Λ2) . (45)
We will assume a monopolar form factor for vertices 1 and 2:
FMi(~q,Λi) =
Λ2
i
− m2
M
Λ2
i
+ ~q2
. (46)
In principle we can use different cutoffs for different vertices
to take into account the different internal structure of the heavy
mesons and heavy baryon. Yet this is only necessary if we
want to describe heavy meson-meson, heavy meson-baryon
and heavy baryon-baryon molecules consistently. If we are
only interested in the heavy meson-baryon system then we
can simply assume a unique cutoff for both vertices 1 and 2.
If we now Fourier-transform the momentum space poten-
tial with a monopolar form factor into coordinate space, the
outcome is that we simply have to make the following substi-
tutions:
δ(~x)→ m3 d(x, λ) , (47)
WY (x)→ WY (x, λ) , (48)
WT (x)→ WT (x, λ) , (49)
where
d(x, λ) =
(λ2 − 1)2
2λ
e−λx
4π
, (50)
WY (x, λ) = WY (x) − λWY (λx)
− (λ
2 − 1)
2λ
e−λx
4π
, (51)
WT (x, λ) = WT (x) − λ3WT (λx)
− (λ
2 − 1)
2λ
λ2
(
1 +
1
λx
)
e−λx
4π
. (52)
The corresponding expressions for form factors of higher po-
larity (e.g. dipolar) can be consulted in the Appendix of
Ref. [42].
D. Couplings
TABLE I. Masses and quantum numbers of the light mesons of the
OBE model (π, σ, ρ, ω) and the heavy hadrons (D, D∗, Σc, Σ∗c). No-
tice that we work in the isospin-symmetric limit and take the isospin-
averaged masses.
Light Meson IG (JPC) M (MeV)
π 1− (0−+) 138
σ 0+ (0++) 600
ρ 1+ (1−−) 770
ω 0− (1−−) 780
Heavy Hadron I(JP) M (MeV)
D 1
2
(0−) 1867
D∗ 1
2
(1−) 2009
Σc 1(
1
2
+
) 2454
Σ∗c 1(
3
2
+
) 2518
6TABLE II. Couplings of the light mesons of the OBE model (π, σ,
ρ, ω) to the heavy-meson and heavy-baryon fields. For the magnetic-
type coupling of the ρ and ω vector mesons we have used the decom-
position fV = κV gV , with V = ρ, ω. M refers to the mass scale (in
MeV) involved in the magnetic-type couplings.
Coupling Value for P/P∗
g1 0.60
gσ1 3.4
gρ1 2.6
gω1 2.6
κρ1 2.3
κω1 2.3
M1 940
Coupling Value for ΣQ/Σ
∗
Q
g2 0.84
gσ2 6.8
gρ2 5.8
gω2 5.8
κρ2 1.7
κω2 1.7
ηρ2 0
ηω2 0
M1 940
For the axial coupling between the D and D∗ heavy mesons
and the pion we take
g1 = 0.60 , (53)
which is compatible with g1 = 0.59± 0.01± 0.07 as extracted
from the D∗ → Dπ decay [50, 51]. For the Σc and Σ∗c heavy
baryons the axial coupling is not experimentally available, but
there is a lattice QCD calculation [52]
g2 = 0.84 ± 0.2 . (54)
which is the value we adopt here. We notice in passing that
there are several conventions for the axial coupling to the
heavy baryons in the literature and here we are effectively us-
ing the one in Ref. [52]. Other two popular conventions are
the ones by Cho [49] and Yan [53], which are related to our
convention by the relations g2 = −g2,Cho and g2 = 32g1,Yan (in
Ref. [53] the axial coupling to the heavy baryons is denoted
as g1).
For the couplings to theσmeson, in the case of the nucleon-
nucleon interaction it can be determined from the linear sigma
model [54] yielding
gσNN =
√
2
MN
fπ
≃ 10.2 . (55)
For the case of the D, D∗ mesons and Σc, Σ∗c baryons we can
estimate the coupling to the σ from the quark model. By as-
suming that the σ only couples to the u and d quarks, we ex-
pect
gσ1 =
gσ2
2
=
gσNN
3
≃ 3.4 . (56)
The choice of couplings for the ρ and ω mesons is more
laborious. First, from SU(3)-flavor symmetry and the OZI rule
we expect that
gρ1 = gω1 , gρ2 = gω2 , (57)
fρ1 = fω1 , fρ2 = fω2 , (58)
hρ2 = hω2 . (59)
For the determination of the electric, magnetic and quadrupole
couplings we will use the vector-meson dominance assump-
tion. The original formulation of this idea states that hadrons
do not couple directly to the electromagnetic field, but by
means of the neutral vector meson fields, ρ
µ
3
and ωµ, where µ
refers to the Lorentz indices of these fields, and the subindex
3 indicates that we are dealing with the neutral rho meson. A
practical way to apply this idea is to derive the electromag-
netic Lagrangian from the substitutions
ρ
µ
3
→ e λρAµ , (60)
ωµ → e λωAµ . (61)
We can fix λρ and λω from the nucleon case, in which case we
obtain
λρ =
1
2gρNN
=
1
2gρ
, (62)
λω =
1
2gωNN
=
1
6gρ
, (63)
where in the right-hand side we have written gρNN and gωNN in
terms of the universal ρ coupling (Sakurai’s universality [55])
gρ =
mρ
2 fπ
∼ 2.9 , (64)
where we have also made use of the relation gωNN = 3gρNN ,
which is derived from SU(3)-flavor symmetry and the OZI
rule. In can be trivially checked that this choice correctly re-
produces that the proton and neutron charges are ep = +e and
en = 0, respectively.
The application to the heavy hadrons requires a few modi-
fications. For instance, vector-meson dominance is expected
to reproduce the total charge of the light quarks only. It does
not apply to the heavy quark, which we consider to couple di-
rectly to the electromagnetic field. Thus the application to the
D¯0 (c¯u) charmed meson yields
gρ1
(
1
2gρ
+
1
6gρ
)
=
2
3
e , (65)
from which we deduce
gρ1 = gρ ≃ 2.9 . (66)
For the magnetic moments we define the following quantity
for sake of convenience
fρ1 = κρ1gρ1 , (67)
which is related to the D¯∗0 magnetic moment, µ(D¯∗0), by the
relation
2
3
κρ =
2M1
e
µ(D¯∗0) . (68)
7If we set the scaling mass to be the nucleon mass M1 = MN ,
κρ1 simply coincides with µ(D¯
∗0) in units of the nuclear mag-
neton. If we use the quark model µ(D¯0) = µu, with µu =
1.85 µN , we find
κρ1(M1 = MN) ≃ 2.8 . (69)
Notice that the definition of κρ1 is dependent on the mass scale
M1 in the Lagrangian. For M1 = mD it happens that κρ1 ≃ 5.5.
It should be noticed that the vector-meson dominance model
we have presented here can be further refined to obtain im-
proved determinations of gρ1 and κρ1. For instance, Ref. [56]
applies a more sophisticated vector-meson dominance model
to the weak decays of the charmed mesons, which translates
into the couplings [41]
gρ1 ≃ 2.6 and κρ1(M1 = MN) ≃ 2.3 ± 0.4 . (70)
As can be appreciated this determination is compatible with
the one in Eqs. (66) and (69) within errors. We will use the set
derived from Ref. [56], i.e. the values in Eq. (70), to follow
the same convention as in our previous works.
Now we apply the previous ideas to the Σc and Σ
∗
c baryons.
First we define the reduced couplings
fρ2 = κρ2gρ2 , hρ2 = ηρ2gρ2 . (71)
We now apply vector-meson dominance to arrive at the rela-
tions
gρ2 = 2gρ , (72)
κρ2 =
3
4
(
2M2
e
) µ(Σ∗++c ) , (73)
ηρ2 =
3
4
(
M2
2
e
) Q(Σ∗++c ) , (74)
where µ(Σ∗++c ) and Q(Σ
∗++
c ) are the magnetic and quadrupole
moment of the Σ++c baryon. From the quark model (and the
assumption that the charm quark provides a minor contri-
bution to the magnetic and quadrupole moments) we expect
µ(Σ∗++c ) = 2µu and Q(Σ
∗++
c ) = 0. We note that a non-vanishing
quadrupole moment will require the light-diquark wavefunc-
tion to have a D-wave component, which is not the case in the
naive quark model. Thus for M2 = MN we arrive at
κρ2 ≃ 2.8 , ηρ2 ≃ 0 . (75)
The fact that the quadrupole vector-meson coupling vanishes
in the naive quark model probably indicates a relatively small
contribution from this piece of the potential. This is actually
good news in the sense that it simplifies the OBE potential.
However the estimations from the quark model have been su-
perseded by recent lattice QCD calculations, at least for the
magnetic moment of the Σ++c baryon [57]. If we use the mag-
netic moment of the Σ++c to determine κρ2, we first note that
the vector-meson dominance relation reads
κρ2 =
9
8
(
2M2
e
) µ(Σ++c ) . (76)
Ref. [57] obtains µ(Σ++c ) = 1.499(202), which leads to
κρ2 ≃ 1.7 ± 0.2 . (77)
This is the value we will adopt here. The charmed-antimeson
and charmed-baryonmasses that we use in this work, together
with the couplings, can be consulted in Tables I and II.
E. Wave Functions and Partial Wave Projection
The wave function for a heavy meson-baryon system is
|Ψ〉 = ΨJM(~r)|IMI〉 , (78)
where |IMI〉 is the isospin wave function and ΨJM the spin
and spatial wave function, which can be written as a sum over
partial waves
ΨJM(~r ) =
∑
LS
ψLS J(r)|2S+1LJ〉 . (79)
We use the spectroscopic notation 2S+1LJ , which denotes a
partial wave with total spin S , orbital angular momentum L
and total angular momentum J:
|2S+1LJ〉 =
∑
MS ,ML
〈LMLS MS |JM〉 |S MS 〉 YLML (rˆ) ,
(80)
where 〈LMLS MS |JM〉 are the Clebsch-Gordan coefficients,
|S MS 〉 the spin wavefunction and YLML (rˆ) the spherical har-
monics. For the PΣQ and PΣ
∗
Q
systems the spin wave func-
tions are trivial
|S MS (PΣQ)〉 = |1
2
MS 〉 , (81)
|S MS (PΣ∗Q)〉 = |
3
2
MS 〉 , (82)
as they correspond to the spin wave functions of the heavy
baryon (the heavy meson P is a pseudoscalar). For the P∗ΣQ
and P∗Σ∗
Q
systems,
|S MS (P∗ΣQ)〉 =
∑
MS 1 ,MS 2
〈1MS 1 1
2
MS 2|S MS 〉
× |1MS 1〉 |
1
2
MS 2〉 , (83)
|S MS (P∗Σ∗Q)〉 =
∑
MS 1 ,MS 2
〈1MS 1
3
2
MS 2|S MS 〉
× |1MS 1〉 |3
2
MS 2〉 , (84)
with |1MS 1〉, |J2MS 2〉 the spin wavefunction of particles 1 and
2.
The partial-wave projection of the potential depends on the
matrix elements of the spin-spin, tensor and quadrupole tensor
operators, which are independent of J and M,
〈S ′L′J′M′|O12|S LJM〉 = δJJ′δMM′ OJS L,S ′L′ , (85)
with O12 = C12, S 12, Q2, which are in turn defined as
C12 = ~a1 · ~a2 , (86)
S 12 = 3~a1 · rˆ~a2 · rˆ − ~a1 · ~a2 , (87)
Q2,i j =
1
2
[
a2ia2 j + a2 ja2i
]
− ~a
2
2
3
δi j , (88)
8with ~a1 (~a2) the corresponding spin operator for the D¯, D¯
∗
mesons (Σc, Σ
∗
c baryons). In this work we are using the light-
quark notation, which means that we have written the poten-
tials in terms of the light-quark spin. The correspondence be-
tween the light-quark spin operators and C12, S 12 is given by
~σL1 · ~S L2 = f12 C12 , (89)
S L12 = f12 S 12 , (90)
QL2 = f2 Q2 , (91)
where f12 and f2 are factors related to the conversion from
the light-quark to the hadron spin degrees of freedom (for all
non-vanishing cases f12 =
2
3
and f2 =
4
9
). The specific ma-
trix elements of the spin-spin, tensor and quadrupole-tensor
operators can be consulted in Tables III, IV and V for all the
molecular configurations that contain an S-wave (i.e. the ones
that are more likely to bind).
IV. THE CONSISTENT DESCRIPTION OF THE
PENTAQUARK TRIO
In this section we investigate whether the OBE model can
describe the LHCb pentaquark trio consistently. We find that
the removal of the short-range Dirac-delta contributions to the
OBE potential is a necessary step for achieving this goal. We
discuss the possible interpretations and justifications of this
modification to the OBE model.
A. Predictions of the Pc(4440) and Pc(4457)
The main ambiguity of the OBE model is the choice of a
cutoff. In this manuscript, following the ideas of Refs. [41,
42], we propose the determination of the cutoff from the con-
dition of reproducing the mass of a known molecular candi-
date. As there are three hidden-charmpentaquarks, we are left
with three possibilities: the Pc(4312) (as a D¯Σc bound state),
the Pc(4440) and the Pc(4457) (as D¯
∗Σc bound states). Owing
to the aforementioned regulator artifact in the spin-spin piece
of the OBE potential, the most suitable choice is the Pc(4312),
which for the parameters of Table II is reproduced for
Λ1 = 1119MeV . (92)
In the naive OBE model, this cutoff leads to the predictions
M( 1
2
) = 4388 and M( 3
2
) = 4459MeV , (93)
which are not compatible with the experimental masses of the
Pc(4440) and the Pc(4457), i.e.
MPc2 = 4440.3± 1.3+4.1−4.6 and MPc3 = 4457.3 ± 0.6+4.1−1.7MeV .
(94)
As already explained, the reason for this mismatch is the dis-
tortion of the OBE potential at relatively long distances ow-
ing to the delta-like contribution to the spin-spin interaction,
which we will explain in what follows.
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FIG. 1. The spin-spin piece of the OPE potential as a function of the
radius r with and without the delta-like contributions. For simplicity
we show this piece for τ1 · ~T2 = +1, which corresponds to I = 32 .
B. The One-Pion-Exchange Potential with a Monopolar Form
Factor
Now if we inspect the OPE contribution to the OBE poten-
tial, it contains a spin-spin and a tensor piece
Vπ = ~σL1 · ~S L2 Vπ(S ) + S L12(rˆ)Vπ(T ) , (95)
The spin-spin piece reads
Vπ(S ) =
g1g2
6 f 2π
~τ1 · ~T2 m3π
×
[
−d(mπr, Λ
mπ
) + WY (mπr,
Λ
mπ
)
]
, (96)
where d and WY are the regularized delta-like and Yukawa-
like contributions defined in Eqs. (47) and (48).
As can be seen from Eq. (96) and Fig. 1, these two con-
tributions have opposite sign: the delta-like contribution will
generate a strong short-range attraction/repulsion that is un-
physical. If the range of this unphysical contribution is short
enough, it will have no observable effect in the predictions of
the OBE model. However the problem is that this is not the
case. If we compute the OPE potential contribution amonopo-
lar cutoff Λ1 = 1119MeV, the OPE potential changes sign at
r = 1.1 fm, which is comparablewith the range of the OPE po-
tential Rπ = 1/mπ = 1.4 fm. This is unsettling to say the least:
the modifications of the form factors to the OBE potential are
expected to be short-ranged, but certainly not of the order of
the pion range. This indicates that it is better to remove this
contribution. If we remove the delta-like contributions of the
pion and the vector mesons, we end up with the predictions
M( 1
2
) = 4458.0 and M( 3
2
) = 4443.9MeV , (97)
which are basically compatible with the experimental deter-
mination of the masses of the Pc(4440) and Pc(4457).
9TABLE III. Matrix elements of the spin-spin operator for the partial waves we are considering in this work.
Molecule Partial Waves JP ~σL1 · ~S L2 = f12 × ~a1 · ~a2
D¯Σc
2S 1/2
1
2
−
0 × 0
D¯Σ∗c
4S 3/2-
4D3/2
3
2
−
0 ×
0 0
0 0

D¯∗Σc 2S 1/2-4D1/2 12
− 2
3
×
−2 0
0 1

D¯∗Σc 2D3/2-4S 1/2-4D1/2 32
− 2
3
×

−2 0 0
0 1 0
0 0 1

D¯∗Σ∗c
2S 1/2-
4D1/2-
6D1/2
1
2
− 2
3
×

− 5
2
0 0
0 −1 0
0 0 3
2

D¯∗Σ∗c
2D3/2-
4S 3/2-
4D3/2-
6D3/2-
6G3/2
3
2
− 2
3
×

− 5
2
0 0 0 0
0 −1 0 0 0
0 0 −1 0 0
0 0 0 3
2
0
0 0 0 0 3
2

D¯∗Σ∗c
2D5/2-
4D5/2-
4G5/2-
6S 5/2-
6D5/2-
6G5/2
5
2
− 2
3
×

− 5
2
0 0 0 0 0
0 −1 0 0 0 0
0 0 −1 0 0 0
0 0 0 3
2
0 0
0 0 0 0 3
2
0
0 0 0 0 0 3
2

C. The OBE model from a modern perspective
The problems of the naive OBE model for reproducing the
known hidden-charmpentaquarks are easy to understand from
a modern perspective: they arise from the unknown short-
range physics. The existence of short-range ambiguities in
the OBE model is apparent from the fact that the unregular-
ized OBE potential is singular, with the tensor contributions
diverging as 1/r3 for distances mr ≪ 1, with m the mass of
the exchanged boson. This type of potentials require regular-
ization if we want to have a unique solution of the Schro¨dinger
equation [58] (for more modern treatments of singular inter-
actions see Refs. [59–62]). This is the reason that justifies the
inclusion of form factors in the original OBE model.
Nowadays we know that the removal of short-range am-
biguities requires not only regularization, but also renormal-
ization. By this we mean the following: we expect to trade-
off the short-range ambiguities by observable information. In
the original OBE model we simply regularize the potential
by choosing a sensible form factor and cutoff. The renor-
malization process is more systematic: we explicitly include
a contact-range potential to model the unknown short-range
physics. By fitting the couplings in this contact-range poten-
tial to experimental information we are effectively absorbing
the dependence on the form factor and the cutoff in these cou-
plings. The price to pay is a reduction in the predictive power,
as we have to include new parameters in the theorywhich have
to be determined from experimental data.
Yet renormalization helps to understand in hindsight the
success of phenomenological models. In the particular case
of the OBE potential, choosing the form factor and the cutoff
as to reproduce experimental information basically amounts to
an implicit (but usually incomplete) renormalization process.
This can be better understood by considering how a renormal-
ized OBE potential in the line of Ref. [43] would look like.
The idea would be to include a contact-range potential into
the OBE potential, resulting in
V = VC + VOBE , (98)
with the VC and VOBE taken from Eqs. (16) and (30). This
potential would be regularized by means of a form factor and
a cutoff and the couplings CIa and CIb would be determined
from known experimental information. It happens that this
will require four experimental data in total, two per isospin
channel. That is, in a properly renormalized OBE potential
we will lose predictability (we will only be able to explore the
I = 1
2
sector) in favor of systematicity. This is not what we
do in the present manuscript, which uses a phenomenological
approach. Despite this, the present calculation can be under-
stood as a particular case of the renormalized OBE potential
of Eq. (98) for which
Ca(Λ = Λ1) = 0 , (99)
Cb(Λ = Λ1) = −
[
Cπb +C
ρ
b
+ Cωb
]
, (100)
with Λ1 the cutoff for which the Pc(4312) is reproduced and
where Cπ
b
, C
ρ
b
and Cω
b
are the Dirac-delta contributions to the
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TABLE IV. Matrix elements of the tensor operator for the partial waves we are considering in this work.
Molecule Partial Waves JP S L12(rˆ) = f12 × S 12(rˆ)
D¯Σc
2S 1/2
1
2
−
0 × 0
D¯Σ∗c
4S 3/2-
4D3/2
3
2
−
0 ×
0 0
0 0

D¯∗Σc 2S 1/2-4D1/2 12
− 2
3
×
 0
√
2√
2 −2

D¯∗Σc 2D3/2-4S 1/2-4D1/2 32
− 2
3
×

0 −1 1
−1 0 2
1 2 0

D¯∗Σ∗c
2S 1/2-
4D1/2-
6D1/2
1
2
− 2
3
×

0 − 7
2
√
5
− 3√
5
− 7
2
√
5
− 8
5
− 3
10
− 3√
5
− 3
10
− 12
5

D¯∗Σ∗c
2D3/2-
4S 3/2-
4D3/2-
6D3/2-
6G3/2
3
2
− 2
3
×

0 7
2
√
10
− 7
2
√
10
3√
35
−3
√
6
35
7
2
√
10
0 8
5
− 3
10
√
7
2
0
− 7
2
√
10
8
5
0 − 3
2
√
14
− 3
5
√
3
7
3√
35
− 3
10
√
7
2
− 3
2
√
14
− 6
7
9
√
6
35
−3
√
6
35
0 − 3
5
√
3
7
9
√
6
35
− 15
7

D¯∗Σ∗c
2D5/2-
4D5/2-
4G5/2-
6S 5/2-
6D5/2-
6G5/2
5
2
− 2
3
×

0 1
2
√
7
5
−
√
21
10
−
√
3
5
2
√
6
35
−3
√
2
35
1
2
√
7
5
8
7
16
√
6
35
√
21
10
− 1
7
√
3
2
− 12
√
2
35
−
√
21
10
16
√
6
35
− 8
7
0 9
70
− 3
√
3
14
−
√
3
5
√
21
10
0 0 2
√
14
5
0
2
√
6
35
− 1
7
√
3
2
9
70
3
√
14
5
6
7
27
√
3
35
−3
√
2
35
− 12
√
2
35
− 3
√
3
14
0 27
√
3
35
− 6
7

spin-spin component of the OBE potential coming from π, ρ
and ω exchange:
Cπb = −
g1g2
2 f 2π
~τ1 · ~T2 , (101)
C
ρ
b
= −2
3
fρ1
2M1
fρ2
2M2
~τ1 · ~T2 , (102)
Cωb = −
2
3
fω1
2M1
fω2
2M2
. (103)
In this interpretation it can be clearly appreciated that the cal-
culations presented here are not renormalized, but still can be
identified with a renormalized calculation roughly reproduc-
ing the location of the Pc(4440) and Pc(4457) at a particular
cutoff (Λ = Λ1).
This partly justifies the rather ad-hoc removal of all the
Dirac-delta contributions from a modern perspective. In the
original OBE model this strong distortion of the pion contri-
bution to the potential at long distances was avoided by the
use of a large enough cutoff, usually Λπ > 1.3GeV. Be-
sides, the finite-range piece of the spin-spin piece of the OPE
potential is attractive in the S-wave singlet and triplet partial
waves, which in turn leads to a repulsive Dirac-delta contribu-
tion. But for the heavy antimeson-baryon system it is difficult
to have a large enough cutoff that still reproduces the three
pentaquark poles 1. From a modern perspective grounded on
the ideas of renormalization, the removal of the deltas actually
corresponds to the choice of the Cb coupling that roughly re-
produces the pentaquark poles at a certain cutoff. In any case
it would be interesting to check whether the present identifi-
cation of the quantum numbers of the Pc(4440) and Pc(4457)
will still be correct in a fully renormalized OBE model with a
cutoff that is not fixed but floats within a natural range.
V. THE PENTAQUARKMULTIPLET
In this section we compute the predictions of the OBE
model for the hidden-charm molecular pentaquarks. We de-
termine the cutoff in the calculation from the condition of re-
producing the Pc(4312), as explained in Sect. IV. From this
condition and the OBE potential we can simply determine the
full hidden-charm molecular spectrum. We also explain how
we estimate the uncertainties of the OBE model.
1 This will require making the ω-meson contribution considerably more re-
pulsive by breaking the SU(3) relation gρ = gω, which is what happens in
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TABLE V. Matrix elements of the quadrupole-like tensor operator for the partial waves we are considering in this work.
Molecule Partial Waves JP QL2(rˆ) = f2 × Q2(rˆ)
D¯Σc
2S 1/2
1
2
−
0 × 0
D¯Σ∗c
4S 3/2-
4D3/2
3
2
− 4
9
×
0 1
1 0

D¯∗Σc 2S 1/2-4D1/2 12
− 4
9
×
0 0
0 0

D¯∗Σc 2D3/2-4S 1/2-4D1/2 32
− 4
9
×

0 0 0
0 0 0
0 0 0

D¯∗Σ∗c
2S 1/2-
4D1/2-
6D1/2
1
2
− 4
9
×

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D¯∗Σ∗c
2D3/2-
4S 3/2-
4D3/2-
6D3/2-
6G3/2
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− 4
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×
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√
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√
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D¯∗Σ∗c
2D5/2-
4D5/2-
4G5/2-
6S 5/2-
6D5/2-
6G5/2
5
2
− 4
9
×
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A. Error Estimations
The OBE model has a series of uncertainties, mostly stem-
ming from the choice of the coupling constants. This error
source can be dealt with by assigning a relative uncertainty to
the OBE potential:
V(Pc) = VOBE (1 ± δOBE) , (104)
where V(Pc) is the molecular pentaquark potential in a given
channel and VOBE is the central value of the OBE potential
with the central value of the couplings, see Table II for details.
We will assume the relative uncertainty to be δOBE = 30%,
which is equivalent to assume that the average relative un-
certainty of the coupling constants in Table II is δcoupling =
δOBE/2 ∼ 15% (assuming that the uncertainty distribution
in the couplings is Gaussian). With this uncertainty we can
recalculate the cutoff Λ1 by determining the location of the
Pc(4312), leading to
Λ1 = 1.119
+0.190
−0.094GeV . (105)
The error in the binding energies is simply obtained by prop-
agating the (1 ± δOBE) uncertainty in the OBE potential, with
the condition of recalculating the cutoff as to reproduce the
Pc(4312). This condition implies the partial renormalization
of the OBE model, which manifests in the fact that the errors
derived from the overall uncertainty in the potential are rather
small. For the particular case of the D¯∗Σc bound states we
arrive at
BE(
1
2
−
) = 4.2+0.6−0.7 and BE(
3
2
−
) = 18.3+0.6−0.0MeV ,
(106)
where the errors, besides being small, are also asymmetric.
There is a second error source: HQSS is not exact for finite
heavy quark masses. The relative size of HQSS violations
are expected to be of the order of δHQSS ∼ ΛQCD/mQ, with
ΛQCD ∼ (200−300)MeVand mQ the mass of the heavy quark.
This error manifests in randomvariations of the OBE potential
around its expected HQSS limit
V(Pc) = V
(mQ=∞)
OBE
(1 ± δHQSS) , (107)
where in the charm sector we expect δHQSS ∼ 15%. It is worth
stressing the difference between the OBE error of Eq. (104)
and the HQSS error of Eq. (107): the OBE error takes into
account the error in the coupling constants but assumes that
these couplings are identical for all the possible molecules,
while the HQSS error considers that these couplings might be
different for each of the molecular states. For the D¯∗Σc bound
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states the HQSS uncertainty is
BE(
1
2
−
) = 4.2+5.3−3.3 and BE(
3
2
−
) = 18.3+11.6−9.2 MeV ,
(108)
which is considerably larger than the OBE uncertainty. The
reason why this happens is that the OBE uncertainty is renor-
malized away: changes in the couplings of the light mesons
to the heavy hadrons are compensated by a change in the cut-
off. On the contrary HQSS violations imply that the couplings
are different for the ground and excited spin states of a heavy
hadron, i.e. the couplings for the D and D∗ (or Σc and Σ∗c) are
a bit different. This uncertainty is not absorbed by the cutoff
variation and results in a larger error. Finally for the full error
we will sum in quadrature the OBE and HQSS errors.
In addition to the binding energies of the molecular pen-
taquarks, we also compute the S-wave scattering lengths of the
charmed antimeson-baryon systems. The reason is to identify
molecular configurations in which the attraction is strong, but
not strong enough to bind. The basis of this idea is a well-
known relation between the two-body scattering length and
binding energy, a2 and B2, that works in the limit in which the
bound state is weakly bound
a2 =
1√
2µB2
+ O(
√
2µB2
mπ
) , (109)
with µ the reduced mass of the system and mπ the pion mass.
For a shallow bound state, i.e. mπ >
√
2µB2 > 0, the scatter-
ing length is positive and large (mπa2 ≫ 0). For B2 → 0
the scattering length diverges and for a system that almost
binds, the scattering length is negative and large. We notice
that we compute the scattering lengths under the assumption
that the charmed antimeson and the charmed baryon are sta-
ble hadrons with respect to the strong interaction, which is not
true in general. This is not important as we are actually using
the scattering length as a tool to identify configurations that
are close to binding.
B. Predictions
With the OBEmodel regularizedwithout the delta-like con-
tributions, we can now predict the seven possible S-wave
D¯(∗)Σ(∗)c molecules. The results are summarized in Table VI.
For the isodoublet (I = 1
2
) molecular pentaquarks, the states
predicted in the OBEmodel are indeed very similar to the ones
obtained in scenario B of the contact-range effective field the-
ory of Ref. [42]. Here we note that within the contact-range
EFT description of Ref. [42] there are two coupling constants
whose values have to be determined from experimental infor-
mation. Thus two scenarios were considered: scenario A, in
which the Pc(4440) and Pc(4457) are the J =
1
2
and 3
2
D¯∗Σ
molecules, and scenario B for the opposite identification. Our
OBE model naturally selects scenario B.
For the isoquartet (I = 3
2
) molecular pentaquarks, we find
that the J = 1
2
D¯∗Σc and the J = 12 D¯
∗Σ∗c bind. Yet this con-
clusion is not particularly strong: these two molecular pen-
taquarks are weakly bound and once we consider the error in
TABLE VI. Scattering lengths (a2 in fm) and binding energies
(B2 in MeV) of prospective isodoublet and isoquartet hidden-charm
antimeson-baryon molecules. The column “Molecule” refers to the
two-body system under consideration, while I and JP denote the
isospin and total angular momentum and parity of the system. The
error comes from an estimated relative uncertainty for the OBE po-
tential of the order of 30% and from HQSS violations of the order
of 15%, where the second error source dominates. M refers to the
predicted mass (the central value) of a particular heavy antimeson-
baryon molecule (if it binds). The calculation of the scattering length
assumes that the hadrons are stable.
Molecule I JP a2 (fm) B2 (MeV) M (MeV)
D¯Σc
1
2
1
2
−
1.9+1.0−0.4 Input Input
D¯Σ∗c
1
2
3
2
−
1.9+0.9−0.4 9.3
+7.7
−5.7 4376.0
D¯∗Σc 12
1
2
−
2.5+2.3−0.6 4.2
+5.3
−3.4 4458.0
D¯∗Σc 12
3
2
−
1.4+0.5−0.3 18.3
+11.6
−9.2 4443.9
D¯∗Σ∗c
1
2
1
2
−
2.6+2.5−0.7 2.9
+4.5
−2.6 4523.8
D¯∗Σ∗c
1
2
3
2
−
1.9+1.0−0.4 9.2
+7.9
−5.8 4517.5
D¯∗Σ∗c
1
2
5
2
−
1.3+0.4−0.3 22.4
+13.1
−10.6 4504.3
Molecule I JP a2 (fm) B2 (MeV) M (MeV)
D¯Σc
3
2
1
2
− −1.8+1.2−2.9 − −
D¯Σ∗c
3
2
3
2
− −1.8+1.2−3.2 − −
D¯∗Σc 32
1
2
−
7.1+∞(−19.5)−4.8 0.4
+2.2
† 4461.8
D¯∗Σc 32
3
2
− −0.8+0.5−1.4 − −
D¯∗Σ∗c
3
2
1
2
−
3.9+9.8−1.7 1.4
+3.2
−1.8 4325.3
D¯∗Σ∗c
3
2
3
2
− −10.6+11.2−∞(10.0) − −
D¯∗Σ∗c
3
2
5
2
− −0.6+0.4−0.8 − −
the binding energies the outcome is that there is a fair like-
lihood that they will not bind. The isoquartet J = 3
2
D¯∗Σ∗c
molecule is close to binding, as can be inferred from the large
negative scattering length. Conversely, the uncertainties in
the OBE model mean that this molecular pentaquark might be
able to bind. The other isoquartet molecules display mild at-
traction, a conclusion which can be deduced from the negative
(but natural) values of the scattering length shown in Table VI.
VI. SUMMARY
In this manuscript we have investigated the spectroscopy
of the hidden-charm pentaquarks from the point of view of
the OBE model. In particular we considered the impact of
the short-range delta-like contributions in the OBE potentials.
The removal of these contributions, in combination with the
condition of reproducing the mass of the Pc(4312) pentaquark
as a D¯Σc bound state, leads to the following predictions for
the D¯∗Σc molecules:
M( 1
2
−
) = 4458.0+3.4−5.3 and M(
3
2
−
) = 4443.9+9.2−11.6MeV ,
(110)
which are close to the experimental masses of the Pc(4440)
and Pc(4457) pentaquarks. This suggests the identification
of the Pc(4440) with the J =
3
2
D¯∗Σc bound state and the
Pc(4457) with the J =
1
2
one. In fact the expectation from
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OPE alone is that the J = 3
2
molecule should be more bound
than the J = 1
2
one [7], as a consequence of (the spin-
spin component of) OPE being attractive (repulsive) in the
J = 3
2
( 1
2
) channel. The combination of OPE with short-
range physics, as in Ref. [63] (which uses the hidden-gauge
approach to which it adds pion-exchange diagrams), leads to
the same conclusion. The recent work of Ref. [64] also ex-
plains the molecular pentaquark spectrum on the basis of OPE
and proposes the same spin-parity identification as here, but
suggest that the reason why the J = 3
2
molecule is more bound
is the tensor component of the OPE potential (instead of the
spin-spin component, as in Ref. [7]). Be it as it may, we warn
that theoretical predictions in the OBE model have significant
uncertainties and that these uncertainties cannot be systemati-
cally estimated, as we are dealing with a model (instead of an
effective field theory).
Besides proposing a possible identification for the quan-
tum numbers of the three hidden-charm pentaquarks, we pre-
dict the existence of other four molecular pentaquarks with
I = 1
2
. This prediction indeed confirms the conclusion of
Ref. [13], which used a contact-range effective field theory to
describe the molecular pentaquarks, and of Ref. [65], which
used the hidden-gauge formalism (constrained by HQSS) in-
stead. Among the predicted states there is the J = 5
2
D¯∗Σ∗c
molecule, which was conjectured in Refs. [6, 33] and recently
reproduced in a few recent theoretical works [13, 14, 65, 66].
Finally, in the isoquartet sector (I = 3
2
) there might be two
or three molecular pentaquarks that bind. We note that this
will impact the size of the proposed isospin-breaking decay
Γ(Pc → J/Ψ∆+)/Γ(Pc → J/Ψp) calculated in Ref. [18] (in a
similar way, for instance, as the presence of a bound or virtual
state in the DD¯ system will affect the decay of the X(3872) to
D0D¯0π0 [67]). Conversely, the experimental measurement of
the isospin-breaking decay ratio proposed in Ref. [18] might
provide important clues regarding the existence of isoquartet
molecular pentaquarks.
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Appendix A: Lagrangians for the Magnetic and Quadrupole
Moments
In this appendix we discuss the magnetic and quadrupole
couplings of a heavy hadron to the electromagnetic field. This
is useful for the derivation of the magnetic- and quadrupole-
like couplings to the vector mesons in the vector-meson dom-
inance model. In particular we write
Lµ = µ(h) h†
[
1
|S | ǫi jk S i∂ jAk
]
h , (A1)
LQ = Q(h) h†
[
1
|Q33|
Qi j ∂i∂ jA0
]
h , (A2)
for the magnetic-dipole and electric-quadrupole coupling of
a heavy hadron field h to the photon field Aµ = (A0, ~A). In
the magnetic term, µ(h) is the magnetic-dipole moment of
the heavy hadron h and ~S represents the spin operator of this
heavy hadron, which we assume to be spin-S (with S ≥ 1
2
if
we want the magnetic moment to be non-vanishing). In the
quadrupole term, Q(h) is the electric-quadrupole moment of
the heavy hadron and Qi j is a spin-2 tensor that can be con-
structed from the spin operator ~S :
Qi j =
1
2
[
S iS j + S jS i
]
− 1
3
S (S + 1)δi j , (A3)
which requires S ≥ 1 to be non-vanishing and with Q33 =
1
3
S (2S − 1). These definitions ensure that
〈S S | µˆ3|S S 〉 = µ(h) , (A4)
〈S S | Qˆ33|S S 〉 = Q(h) , (A5)
where |S S 〉 represents a spin state of the heavy hadron hwhere
the third component is S 3 = +S , while µˆ3 and Qˆ33 are the
i = 3 and i j = 33 components of the magnetic and tensor
operators, which can be identified with
µˆi = µ(h)
1
|S 3|
S i , (A6)
Qˆi j = Q(h)
1
|Q33|
Qi j . (A7)
Conversely, the moments of order n can be defined analo-
gously as
M
(n)
i1...in
= M(n)(h)
1
|T (n)
3...3
|
T
(n)
i1...in
, (A8)
with M(n)(h) the n-pole moment of hadron h and T (n) a spin-n
tensor constructed from the hadron spin operator ~S .
For the heavy-baryon sextet, assuming that the multi-
pole moments are dominated by the light-quarks, only the
magnetic-dipole and electric-quadrupolemoments will be rel-
evant; as discussed, the quadrupole moment is expected to be
small (it requires either HQSS breaking or a sizable D-wave
component for the light quark pair).
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